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Two-dimensional molecular packing of proteins 

H; Sasabe, T. Furuno, J. Otomo, H. Tomioka, Y. Urabe, T. Nagamune, K.-H. Kim, 
K. Kobayashi and Y. Kobayashi 

Frontier Research Program. RlKEN (The Institute of Physical ami Chemical Research), 2-1 Hirosum. Wuko, Saitama 3SI-OI (Japan) 
Abstract 

A technique involving the physical and/or chemical adsorption of molecules in the subphase to the interfacial 
Uingmuir monolayer. has been developed to arrange protein molecules such as ferritin, bactcriorhodopsin (BR) 
(purple membrane) and cytochrome b 5(h j in closely-packed two dimensional arrays. For better packing of molecules, 
site-directed mutagenesis of cytochrome b 3f , 2 was introduced to enhance the hydrophobicity or to stabilize the 
molecules by introducing a cystine linkage. The pholorcaction cycle of BR was analysed. From the sequence analysis 
of newly isolated BR-likc pigments, it was suggested that several amino acid residues around the retinal were 
conserved and formed a "retinal pocket". 



1. Introduction 

In the science and technology of organic thin films 
the key issues are (1) the selection of materials, (2) the 
techniques to arrange organic molecules in a two-di- 
mensional regular array, (3) the characterization of 
their ordered state, (4) the fundamental understandings 
of their physical properties and (5) the designated ap- 
plication to devices. These are completely dependent on 
the final target of application. When bioclcctronic 
devices are targeted as in issue (5), issue (1) can be 
replaced by the following questions. What kinds of- 
proteins and/or enzymes should be selected? How 
should they be extracted from native bodies? Which 
part should be modified, and how? Issue (2) then 
becomes purely chemical (wet) techniques such as the 
Langmuir-Blodgett (LB) method and the adsorption 
method in the liquid state rather than physical (dry) 
methods. The primary purpose of the present paper is 
to answer these questions. 

In biological systems, protein molecules function in 
molecular recognition, self-organization, photo- and/or 
electro-activities, and so on. Higher order structures of 
protein molecules such as the a helix, 0 sheet and 
superhelix dominate biological functions. It is quite 
difficult to grow a large single crystal of protein. In- 
stead, if we can form a two-dimensional (2D) regular 
array of protein molecules without changing their 
higher order structure, wc then can easily characterize 
their biological functions and develop so-called bioelec- 
tronic devices such as biochjps [1], neural networks [2], 
cellular automata [3] and holographic memories [4]. We 
have already developed a novel technique [5] combining 
the LB method with adsorption of protein molecules to 



a charged polypeptide monolayer and/or to a solid 
substrate modified chemically. 

Bacterial rhodopsins are known as photoactive 
proteins in Halobacterium halobium: a light-driven pro- 
ton pump, bacteriorhodopsin (BR), a light-driven chlo- 
ride pump, halorhodopsin (HR), and sensory rhodop- 
sin (SR) and phoborhodopsin (PR), both of which are 
photoreceptor pigments for the phototaxis of the 
halobacteria cell. Among these four rhodopsins, BR has 
been most extensively studied as a model protein for 
the elucidation of structure and function [6,7]. BR 
makes two-dimensional crystals, ordered lattices (pur- 
ple membrane) in the membrane of H. halobium. BR 
consists of vitamin A aldehyde, retinal, and a protein 
moiety which contains seven transmembrane a helices. 
The chromophore retinal is joined to the e-amino group 
of a lysine residue (Lys216) by a Schiff base linkage. 
Isomerization of the retinal in BR from the a\\-trans 
form to 13-cts form is initiated by the absorption of a 
photon. A scries of transient conformational states 
(photointermediates) then appear within tens of mil- 
liseconds. After several photointermediates, BR returns 
to the orginal state. This cyclic response is called a 
photoreaction cycle, which is coupled with proton 
pumping. 

Site-specific mutagenesis of BR has been performed 
[8] to identify several important residues for proton 
translocation. An aspartic acid residue in position 96 
(Asp96) is identified as a proton donor to the Schiff 
base of the retinal. Asp85 and Asp212 are involved in 
the proton release phase from the Schiff base. Wc have 
tried to find the functionally important residues for ion 
transport (either proton or chloride) from direct com- 
parison of the amino acid sequences of BR-, HR-, SR- 
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and PR-like pigments from newly isolated hnlobactcrial 
species. 

We have recently succeeded in modifying natural 
protein molecules such as cytochrome b 5 ,, : by means of 
the one-point and/or two-point mutation technique, in 
order to enhance the stability, to control the charge 
distribution and to form a two-dimensional regular 
packing of protein molecules. The preliminary results of 
the modification of b ;(> , will also be discussed in this 
paper. 

2. Experimental details 

2.1. Samples 

First, we used ferritin molecules as a typical protein 
which exhibits non-specific binding to a charged 
polypeptide monomolecular film {e.g. poly-l-benzyl-L- 
histidine (PBLH)) formed at the air-water interface [5]. 
Since ferritin is a roughly spherical protein with a 
diameter of ca. 12 nm and contains a core of iron oxide 
inside the polypeptide shell, the molecular aggregates in 
two dimensions (monolayers) arc observable directly by 
means of scanning electron microscopy (SEM). Horse 
spleen ferritin was dissolved in water and fractionated 
by ultracentrifugation, and the heavier fractions were 
taken and redissolved in NaCl solution (l-20mM). 

Second, purple membranes of H. halobium were pre- 
pared according to the standard procedure [9]. Purple 
membrane fragments were suspended in dimethylfor- 
mamide to a concentration of 0.5mgmr\ spread on 
the surface of the subphase (containing 0.2-0.4 mM 
CaQU), and then transferred onto substrates by a hori- 
zontal lift-off method. Several new halobacterial species 
were isolated from the crude solar salts [10]. The pres- 
ence of four pigments (BR, HR, SR and PR) was csii- 



TAULK I. Presence of four retinal pigments in newly isolated 
hulubiicicriul species 
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PR 
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+ + 


+ + 
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( i ) 
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-i- + 
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5 


+ 




+ 


1- 4- 



mated from flash-induced absorbence change measure- 
ments and ion pump activity measurements. The pres- 
ence and relative amounts are indicated by the number 
of + and — signs in Table 1. The amino acid sequence 
was deduced from the nucleotide sequence determined 
by an automated DNA sequencing system (Applied 
Biosystcms model 373A). 

Third, Escherichia coli overexpressing cytochrome 
b J6 ,, kindly provided by Professor S. Sligar (University 
of Illinois), was used. Under the conformational estima- 
tion with the aid of computer graphics we carried out 
site-directed (one-point and/or two-point) mutagenesis 
of native b J62 . In order to make an LB film of b S 62> the 
protohaem IX was extracted from native b JW , modified 
with two alkyl chains as shown in Fig. 1, and then 
reconstituted. 

2.2. Two •dimensional crystallization by the 
Langmuir -electrostatic adsorption technique 

We have developed a novel technique to arrange 
protein molecules in a well-packed 2D monolayer: the 
combined technique involving a Langmuir monolayer 




Fig. 1 . Modification of the protohaem IX of cytochrome b 3H with sleurylnminc, 
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of charged PBLH and electrostatic adsorption ol" oppo- 
sitely charged protein molecules (LA technique). Suffi- 
cient PBLH solution (solvent, chloroform containing 
0.1"/o dichloroacetic acid) was spread over the protein 
solution, e.g. ferritin solution in subphase, to ensure an 
equilibrium surface pressure. The PBLH film was then 
compressed and kept for several hours. The interfacial 
film was transferred by a horizontal lift-off technique 
onto an alkylated silicon wafer. The transferred film 
was directly observed by SEM (Hitachi S-900) without 
staining. Direct spreading of protein solution was also 
available under the optimal subphase conditions (pH, 
ion strength, etc.), but sometimes denaturation of 
proteins occurred. 



3. Results and discussion 

3.1. Two-dimensional packing of ferritin molecules 

The monolayer of PBLH al the air- water interface 
has useful features as follows. 

(1) The in^Tdaggl group is positively charged under 
acidic conditions and interactive with acidic proteins in 
the appropriate pH range. 

(2) Because of its polymeric structure, hydrophobic 
benzyl groups are partly oriented towards the water, 
which allows us to expect hydrophobic interaction with 
proteins, stabilizing the binding. 

(3) The interfacial film is reversibly compressible 
owing to its flexibility and stability. 

(4) Polymer films arc in most cases adequate for 
horizontal transfer. This is a required condition for 
avoiding structural disturbances such as rearrangement 
or overturning, which are serious problems of horizon- 
tally transferred lipid monolayers. 

(5) The PBLH film is not loo rigid, so thai fluidity is 
ensured to some cxlent. 

In the case of ferritin molecules, the LA technique is 
quite successful in obtaining a well-packed structure. 
Compression of PBLH monolayer was effective in pro- 
ducing dense packing when the surface density of 
PBLH was below 1/25 residues A" 2 . Figure 2 shows an 
example of an SEM photograph (surface pressure, ca. 
40dyn cm -1 ) [5], Although there are many defects 
and/or dislocation-line-like disorder, the ordered part 
gives higher order optical diffraction patterns (also 
shown in Fig. 2). It should be noted that if a non- 
charged polypeptide monolayer {e.g. polybcnzyl-L-glu- 
tamate) is used as an adsorbing Langmuir film, then 
ferritin molecules cannot be adsorbed onto the mono- 
layer at all, and that by the direct spreading of ferritin 
molecules at the air-water interface, even under the 
best subphase conditions, the transferred monolayer 
has very poor molecular packing, being like coaggre- 
gated small islands. 




Fig. 2. Scanning electron micrograph of an interfacial film of PBLH 
and ferritin transferred onto a silicon wafer. The optical diffraction 
pattern obtained from the dense pari of the photograph is also 
shown. 



3.2. Purple membranes [9] 

From the observation of directly spread purple mem- 
brane monolayer, the following results were obtained: 
(1) Ihc surface pressure-area curves were time depen- 
dent, (2) a spontaneous rise in the surface pressure was 
observed at high initial coverage, and (3) the thickness 
and the absorbence at 565 nm for built-up films were 
smaller than expected. The interfacial denaturation of 
purple membranes and/or BR molecules was postu- 
lated. Structural studies using SEM on the transferred 
monolayers supported this hypothesis. At a low initial 
coverage of 25% the skc of the purple membrane 
fragments decreased and their shape became irregular. 
The coverage ralio also decreased. The substance in the 
intermembrane space was assayed by sodium dodecyl- 
sulphate-polyamidc gel electrophoresis to be BR. The 
result showed that BR denatured from the periphery of 
the purple membrane fragments and occupied the inter- 
membrane space on the water surface. 

More uniform packing could be obtained by increas- 
ing the hydrophobic- hydrophilic ratio of the purple 
membrane fragments. The membrane periphery should 
have hydrophobic properties, since hydrophobic amino 
acids of BR are exposed there. To increase the hydro- 
phobic^ of purple membrane fragments, they were 
freeze thawed to be crushed into smaller sizes. Spread- 
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ing these smaller sized fragmenis gives a more dense 
packing. 

3.3. Bacterhrhodopsin 

To indentify several active-site residues for proton 
translocation, many kinds of BR poini mutants were 
isolated by the Oesterhclt group [11]. The amino acid 
changes of all mutants have been determined by their 
gene sequences. One of the mutants, in which Asp96 
was changed to asparagine, has been further character- 
ized. The spectroscopic properties of the BR mutant 
(Asp96/Asn) in its 2D crystalline purple membrane 
were investigated. The photoreaction cycle of the mu- 
tant (Asp96/Asn) was quite different from that found in 
the wild type. When the BR mutant (Asp96/Asn) at pH 
9 was irradiated by continuous orange light, the visible 
absorption band quickly disappeared and an absorp- 
tion band at 410 nm developed. In the light, almost all 
BR molecules were trapped in an M state. Such a large 
absorption change was not induced in the wild type 
under the same solvent and illumination conditions. 
When the light was turned off, the absorption recovery 
at 570 nm and decay at 410 nm took place with the 
same single time constant of about 3 s under physiolog- 
ical conditions. This time constant is ca. 1000 times 
longer than the lifetime of M^,,, in the wild type. The 
result shows that at this pH the proton uptake was 
accompanied by the formation of BR (or M 4)0 decay). 
It is suggested that the proton comes directly from the 
medium to the Schiff base of the retinal. 



In clarifying the relation between the amino acid 
sequence of BR and the photoreaction cycle, site-spe- 
cific mutagenesis plays an important role. As shown in 
Table I [10]. five halobacierial species newly isolated 
from crude solar salts in our laboratory contain BR-like 
pigment. Wc have determined amino acid sequence of 
these retinal proteins [12]. The sequence of BR-like 
pigment in five species was different from that of BR of 
H. halohium. However, several amino acid residues 
around the retinal ("retinal pocket") were conserved in 
all species (Fig. 3), indicating that these residues are 
important for the function of BR. 

3.4. Cytochrome b }e>2 

Cytochrome b S63 is an electron transport protein with 
a non-covalently bound prolohaem IX prosthetic 
group, and consists of nearly parallel four-folded a 
helices [13]. The 2D crystallization of b S62 by means of 
the LA technique met with various problems: since -pK 
of PBLH is below 7 and p/ of b 562 is 7-8, these 
materials cannot be charged opposite to each other 
under any pH conditions. Other adsorbing monolayers 
such as lipids and polypeptides with different electro- 
static properties were tried, but failed. 

Direct spreading of b J62 molecules onto a subphase 
requires some modification of the protein itself: (1) 
stabilization of higher order structure to avoid denatu- 
raiion at the air-water interface, (2) the introduction of 
hydrophobicity, and (3) the modification of surface 
charge distribution. Item (1) suggests the introduction 
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a i r _ wa tcr interface. The structural analysis of the trans- 
ferred film is in progress. 



4. Conclusion 

It has been demonstrated that the LA technique (the 
physical and/or chemical adsorption of molecules in the 
subphase to the interfacial Langmuir monolayer) is 
useful for arranging protein molecules in a closely 
packed 2D array. The importance of genetic modifica- 
tion of native proteins by means of site-directed mutage- 
nesis to enhance the stability of protein during molecular 
packing and the hydrophobicity was also pointed out. 
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